Abstract. Nanocomposites were fabricated based on diglycidyl ether of bisphenol A (DGEBA), cured with triethylenetetramine (TETA) and filled with: a) high conductivity carbon black (CB) and b) amino-functionalized multiwalled carbon nanotubes (MWCNTs). The full dynamic mechanical analysis (DMA) spectra, obtained for the thermomechanical characterization of the partially cured DGEBA/TETA/CB and water saturated DGEBA/TETA/MWCNT composites, reveal a complex behaviour as the !-relaxation appears to consist of more than one individual peaks. By employing some basic calculations along with an optimization procedure, which utilizes the pseudo-Voigt profile function, the experimental data have been successfully analyzed. In fact, additional values of sub-glass transition temperature (T i ) corresponding to subrelaxation mechanisms were introduced besides the dominant process. Thus, the physical sense of multiple networks in the composites is investigated and the glass transition temperature T g is more precisely determined, as the DMA !-relaxation peaks can be reconstructed by the accumulation of individual peaks. Additionally, a novel term, the index of the network homogeneity (IH), is proposed to effectively characterize the degree of statistical perfection of the network.
Introduction
Carbon nanoparticles (e.g. carbon black and carbon nanotubes) are widely used as a reinforcing agent in epoxy resin products to improve their mechanical, thermal and electrical properties [1, 2] . It is thus known that the addition of carbon nanoparticles into the resin matrix can dramatically change its hardness, tensile strength, elastic modulus and electrical conductivity. Specifically, the effects of the nanofillers in polymer composites on the glass transition (T g ) and on the relaxation behaviour of the polymer matrix have been studied for different filler-resin composites. However, the remarks on T g variation are controversial as in some cases an increase in T g with filler content is reported in the literature [3] [4] [5] , yet the opposite result is possible as well [6, 7] . Additionally, the variation of T g as a function of filler content in epoxy nanocomposites shows an initial decrease up to a certain content value followed by an increase at higher filler loading [8, 9] . Therefore, the actual effect of the filler on the T g necessitates further clarification, as it is also reviewed for MWCNT composites in [10] . In general, the amount, the dispersion and the surface conditions of the nanoparticles were found to play an important role in the variation of T g and the mechanical properties of the nanocomposites [7, [11] [12] [13] . In epoxy nanocomposites and generally in thermoset nanocomposites there is an additional difficulty met, compared to the thermoplastic nano -composites. In particular, the curing conditions of the nanocomposites and their results are different from those of the pure epoxy probably due to the effect of the nanoparticles on the crosslinking mechanism [8] . With regard to the thermoset epoxies a significant amount of data has been accumulated about water absorption and diffusion and their effect on the dynamic mechanical behaviour [11, 14] . However, for the understanding and explanation of all the experimental data there are still some points open to question. Among them two different material systems, namely the sub-cured DGEBA/ TETA/CB and the water-saturated DGEBA/TETA/ MWCNTs composites, which exhibit complex tan " curves in the dynamic mechanical analysis (DMA) spectra, may function as the case studies for a more detailed analysis. Therefore, in this work besides the study of the mechanical dynamics of epoxy nanocomposites we focus our attention on the analysis of the !-relaxation peak, where this complex relaxation spectrum appears. To this end, a computational approach is successfully applied based on the analysis of the complex tan " spectrum and the introduction of more than one relaxation mechanisms. In addition to the computational analysis, a new index is proposed to characterize the network homogeneity.
Experimental 2.1. Materials
The pre-polymer D.E.R.332 used in this study was diglycidyl ether of bisphenol A (DGEBA) supplied by Fluka SA, USA, with epoxy equivalent 190, molecular weight 380 and viscosity 15 000 cP at 25°C. The hardener used was triethylenetetramine (TETA) supplied by Sigma Aldrich, USA. The extra conductive carbon black (particle size 25-75 nm) was obtained from Degussa, Germany, whereas the multi-wall carbon nanotubes (NC3152), with average diameter of about 9.8 nm and average length of 1 µm, were supplied by Nanocyl, Belgium. All the components of the system are commercial products and they were used without further purification.
Sample preparation and characterization
In order to prepare the DGEBA/TETA/CB and DGEBA/TETA/MWCNT composites, the pre-polymer was initially heated at 40°C to decrease its viscosity. The necessary amounts of TETA (epoxy/TETA = 100/14) and CB or MWCNT were then added and the mixture was mechanically stirred for 1 hour at 2000 rpm and degassed under vacuum for 15 minutes. Finally, the mixture was sonicated for 30 minutes at 200 W (Hielscher ultrasonic processor), in order to suppress the possible formation of agglomerates and bundles, and degassed again. The produced homogeneous liquid was poured in rectangular shaped molds with dimensions 40 " 10 " 1.5 mm and the samples were cured at 60°C for 20 hours, whereas some of the samples were subjected to an additional post-curing heat treatment at 150°C for 2 hours. For the characterization of the fabricated samples a Polymer Laboratories dynamic mechanical thermal analyzer MK III was used according to ASTM D7028-07e1. Measurements of the tensile storage and loss modulus E# and E$ and loss tangent tan% were performed from room temperature up to 200°C on a constant rate of 2°C/min, at the frequency of 10 Hz and with a 4% strain. In each of the tests, at least three different samples were tested, and the average results were recorded.
Computational approach
It is well known from polymer theory that the relaxations in polymers and especially in composites are complex processes which stem from different mechanisms [8, 11, [15] [16] [17] [18] . Among various theoretical models, which have been proposed to describe these complex effects, the assumption that the recorded process consists of discrete elementary relaxation processes constitutes a realistic and practical approach. Therefore, we have written a specialized computer program to carry out the computational analysis of the !-relaxation in epoxy nanocomposites, where a complex behaviour appears. Generally, the measured diagram of y = tan " as a function of temperature x = T can be considered as the result of the contribution and overlapping of individual peaks, which correspond to distinguished relaxations and are indicative of a heterogeneous cross-link topology [19] . These phenomena can be expressed either by Gaussian (G) or Lorentzian (L) distribution, which allows the constituent curve K at the arbitrary temperature x i to be described by Equations (1) and (2):
where C 0 and C 1 are the normalization fitting constants, x K is the temperature at the curve's peak, and H K is the full width at half maximum (FWHM) of the curve K. Nevertheless, better results in the description of real systems can be produced by employing the pseudo-Voigt (pV) function, which is the weighted sum of both functions of Gaussian and Lorentzian formula (Equation (3)):
where # ' 1 is the ratio between the Lorentzian and the Gaussian function. Despite the widespread use of the pV function defined in Equation (3) in materials research, for instance in X-rays diffraction and Raman spectroscopy [20, 21] , to the best of our knowledge there is no previously reported application of this function in the investigation of the composites' mechanical properties. The performed analysis constitutes a typical optimization process in pursuit of the model parameters yielding the minimum value of the selected objective functions. Specifically, as the experimental relaxation spectrum is analyzed to its constituent sub-relaxations, the objective is the minimization of the difference between the measured and calculated master curve by employing the minimum number of component K curves. The obtained characteristic parameters of each K curve are the temperature x K , the value of the peak y K and the FWHM HK after the subtraction of the background. The normalization constants C 0 and C 1 for fitting the profile of functions to experimental data are also calculated by the optimization process. During the execution of the program, components can be added and their parameters can be modified. The finally calculated value yci, which corresponds to temperature x i , is the sum of all contributed components y i = s·& pV ·|x i -x K |, including the background y b . Therefore, y ci is given by Equation (4): (4) where the scale factor s is to be optimized as well. By using the least square method, the parameters producing the best approximation of the y ci calculated from the Equation (4) to the experimental values are evaluated after several iterations. By that means, the experimental profile y = tan " is analyzed to its constituent individual curves, serving to elucidate the complex !-relaxation spectrum of epoxy/carbon nanoparticle composites.
At this point, we should additionally define the area S K that is encompassed by one curve and the line of background, since this expresses the contribution of each mechanism to the relaxation master curve. Since the area S K of the curve K is extended to the whole temperature range of the experiment, it is given by Equation (5): (5) 3. Results and discussion 3.1. Theoretical background As it is well known, the glass transition process may be considered as being controlled by the intrinsic flexibility of the backbone or as a function of the free volume available within the polymer. In the latter model, conformational change can only occur when there is sufficient free volume for the chain to move. The free volume is assumed to diffuse throughout the polymer at a rate controlled by the motion of the chains and has a critical value for the onset of large segmental motion. Moreover, according to the intrinsic flexibility approach the variation of chemical structure also involves an intermolecular contribution. Thus, the apparent equivalence of the two approaches for the description of the glass transition lies in the fact that any change will influence both the intra-and intermolecular contributions to the overall potential. Therefore, different factors imposed during curing (e.g. heating procedure, time and frequency of mechanical stirring and sonication) and the incorporation of fillers and/or small molecules, such as water, strongly affect the dynamic mechanical behaviour.
Sub-cured DGEBA/TETA/CB composites
The typical DMA traces of dynamic storage modulus (E#) and loss tangent tan " for the unfilled resin and the DGEBA/TETA/CB system cured at 60°C for 20 hours (sub-curing) are respectively presented in Figures 1 and 2 . An anisotropic behaviour of modulus E# is clearly detected, as it is strongly affected by the filler content in the glassy state and slightly in the rubbery one. However, apart from the discontinuity observed for the 0.5% CB loaded sample, the modulus at room temperature interestingly reaches its maximum for 0.7% of CB loading, which is in accordance with the dielectric measurements where the percolation threshold for the same system was observed with 1.0% CB loading [8] . Concerning the dependence of T g on the filler content, when estimated at the tan " maximum, an increase is observed up to a maximum (156°C) corresponding to CB loading of about 0.7%. Therefore we assume that for this filler concentration the crosslink density reaches its maximum value. Beyond this critical concentration T g is decreasing as at high CB concentration the nanoparticles aggregate [8, 9] , yielding the increase of the free volume. The height and width of the peaks in tan% spectra provide additional information about the relaxation behaviour of these samples. The height of the peak for the neat resin has a value 0.9, while for the composites it varies between 0.4-0.7 respectively for 0.7-2% CB loading. This implies that the composites exhibit more elastic behaviour than the neat resin. The significant change in the width of the peak suggests a broader distribution of relaxation times, presumably due to more nanoparticle-polymer interactions, and hence restricted mobility. In addition to this, a new relaxation peak is observed just below the T g in the partially cured nanocomposites, at the same temperature as for the pure resin. This indicates, at a first glance, the existence of at least two underlying mechanisms of !-relaxation in these curing stages. The first mechanism is caused by the reaction of the crosslink agent with the epoxy groups giving rise to the dominant !-relaxation, while the second one appears as a result of the filler's effect on the curing reaction. The formation of a few nanometres thick intermediate layer on the resin-filler interface, as it has already been reported in [4, 5, 11, 22] , probably occurs before the full cure of the composite, thereby inducing the growth of the secondary peak demonstrated in Figure 2 . However, as the crosslink density increases in the post-cured composites, the interface region is significantly reduced and the sub-T g relaxations disappear due to the final incorporation of the loose chains into the main network.
DGEBA/TETA/MWCNT water saturated composites
The DMA spectra of storage modulus E# and tan " for the water saturated samples of the DGEBA/ TETA/MWCNTs composites are depicted in Figures 3 and 4 . It is hence clearly seen that an additional relaxation peak occurs below T g , at the same temperature as for the transition of the pure resin. These spectra are quite similar to those observed in sub-cured epoxy composites filled with CB (Figures 1 and 2 ). The obtained values of the main and sub-T g temperature for the case of 0.05% CNT content are displayed in Figure 5 . This extra relaxation peak is attributed to the bound water molecules either acting as a plasticizer or participating in the network via hydrogen bonding [14, 23] . Thus, by affecting the inter-and intra-molecular flexibility of the backbone it introduces a new relaxation mechanism. In fact, the absence of any sub-T g relaxation in the unfilled resin ( Figure 4 ) along with its disappearance after the water removal, which is noticed in Figure 5 , bear additional evidence of this process.
T g calculation and network homogeneity
According to the computational process described in Section 2.3, the broad !-relaxation peak is considered as the master curve of the multiple ! i -rexations, each with a different sub-glass transition temperature T i . Thereby, the analyzed tan " curves for samples with 0.1 and 0.7% CB content are shown in Figures 6a and 6b . In both spectra the experimental peak is reconstructed by six smaller, namely the dominant one close to the experimental maximum, four peaks at lower temperature and a small one at higher temperature. By using the optimization algorithm the characteristic maximum temperature T i and the full width at half maximum H i of the sub-! i -relaxations were obtained, whereas the bounded area S i was calculated from Equation (5). The results Table 1 . The contribution weight of each sub-relaxation to the formation of the master curve depends on its characteristics. Taking this into account, the calculated glass transition (T gc ) can be introduced by Equation (6): (6) A comparison between the calculated T gc from Equation (6) and the estimated values of T g exp from the tan " maximum is provided in Table 2 for different CB loadings. These new T g c values are up to 9% lower than the experimentally estimated values T g exp . However, they should be more reliable in describing the !-relaxation with a complex profile, since they solely reflect the phenomenon under test, contrary to T g exp .
Similarly, the analysis of the tan " curves of the samples with 0.05 and 0.20% CNT content is depicted in Figures 7a and 7b , where both spectra appear to comprise four different peaks. The obtained characteristic parameters for the DGEBA/TETA/ MWCNTs composites with 0.05% nanotubes content are listed in Table 3 . The corresponding T g c values are calculated from Equation (6) and presented in Table 4 , in addition to the estimated T g exp . These new T g c values are again up to 7% lower than the initially estimated from the tan " maximum. Moreover, it is evident that the two main peaks are comparable concerning their height and the included area. This indicates the existence of basically two mechanisms with similar characteristics, responsible for the formation of the peak in tan " spectra. The network architecture is a key issue in the analysis of complex !-relaxation in polymer composites. In a 'perfect' network the !-relaxation peak is expected to possess a Gaussian bell-shaped distribution. In any other case the deviation from the Gaussian behaviour can be considered as an evidence of heterogeneity and lack of cohesion of the network due to various phenomena, such as entanglements, free chain ends and complexities produced by the incorporation of the nanoparticles into the backbone of the network. In order to quantify this deviation, based on the above described computational analysis we introduce an index for the network homogeneity (IH), calculated from Equation (7): (7) where S KDom is the bounded area of the main peak and S Ki corresponds to the ith secondary peak. For the post-cured pure epoxy matrix the Equation (7) yields the IH value 0.92. Although, IH and T g are influenced by the nanoparticles loading on the basis of the same phenomena, they are not by definition proportional to each other. Moreover, on the strength of the Equation (7), we deduce that IH may theoretically range up to 1. Based on these remarks, the calculated values of IH for various composites containing CB are shown in Figure 8 . It can be derived that the IH of the nanocomposites is highly dependent on CB concentration. Specifically, there is an initial increase of IH up to a definite maximum of about 0.66 for 0.7% CB content, whereas it decreases for higher filler content. Taking into consideration the occurrence of the percolation threshold at 1.0% CB loading [8] , the decrease of the main peak contribution and thus of IH for loading above that value may be ascribed to the increase of the network agglomerations and inhomogeneities. Besides, a variety of network defects, such as dangling ends, elastically ineffective loops and entanglements, are known to occur in the epoxy-filler system, liberating an increased number of interaction sites or crosslinking species.
In contrast with the dependence of the index IH on the CB content, the reverse variation of IH is observed in water saturated composites with MWCNTs. The estimated IH values for water saturated composites containing MWCNTs as a function of filler content are shown in Figure 9 . The drawn data reveal the decrease in IH from 0.57 to a minimum of 0.45 for 0.3% CNTs content, followed by an increase for higher loading. Since the water uptake is related to the small network homogeneity, this trend may reflect the initial increase of the absorbed water. Furthermore, for 0.5-1% CNT concentration the absorption level diminishes to that of the pure epoxy [24] , which may also account for the steady IH values of the highly loaded samples. Generally, IH of the CNT composites are lower than those of the CB sub-cured composites, which can be attributed to the water uptake that alters the network response to the mechanical perturbations. This assumption is further supported by the diagrams of Figures 7a and 7b , where the appearance of two major peaks with comparable size indicates the evenly strong contribution of the water-related relaxation.
Conclusions
In this research the complex relaxation spectra obtained from the thermomechanical characterization of epoxy nanocomposites are analyzed into their constituent curves corresponding to individual relaxation mechanisms. A computational method is employed for the extraction of useful information about the mechanisms responsible for the !-relaxation in polymer composites. This analysis is based on the analogy between the bounded area by the curves and the respective relaxation strength. In this framework, two systems of epoxy nanocomposites are studied, namely the subcured DGEBA/TETA/CB and the water saturated DGEBA/TETA/MWCNTs, for which the complex !-relaxation spectra possibly occur due to the formation of two separate coexisting networks. This refers to the network of the pure epoxy matrix and the network formed by the nanoparticles either through the filler-epoxy interface (CB) or through the participation of the amino functionalized CNTs to the crosslinking procedure (MWCNTs). The correspondence of the calculated constituent peaks with the respective network is supported by experimental findings. Furthermore, our technique enables the more precise description of the !-relaxation and the evaluation of the actual T g . Finally, the network complexity due to various defects seems to be related to the !-relaxation profile. Therefore, the analysis of the relaxation spectrum with the assistance of the introduced index IH can be used for the qualitative and quantitative assessment of any composite system's homogeneity. The variation in the calculated homogeneity of the two investigated systems is in agreement with the occurrence of network defects above the percolation threshold and the increase of the water content.
